Photopolymers present appealing optical properties for holographic and diffractive applications. They enable modulation of the electrical permittivity and thickness and are self-processing, and layers with a wide range of thicknesses and properties can be fabricated on demand. In order to obtain a complete characterization of the material, low spatial frequency analysis has become a fundamental tool because the motion of the components inside of the material can be measured. We propose to use an index matching component to carry out a complete characterization and to differentiate the "apparent" and the real monomer diffusion. We also have quantified the minimum thickness to obtain the phase modulation of 2π required for the fabrication of many diffractive elements such as lenses, axicons, or blazed gratings. Finally, we have studied the influence of the thermal effects in the thickness variations.
Introduction
Photopolymers are among the most promising holographic recording media for many technological applications, from integrated optical waveguide fabrication to optical data storage [1] [2] [3] [4] [5] . Many families of photopolymers have been designed in order to emphasize some aspects of the material. For example, some compositions present particularly low scattering, high refractive index modulation, high thickness, environmental compatibility, or high or low monomer diffusion [6] [7] [8] [9] [10] [11] .
The recording of very low spatial frequencies on photopolymers permits us to measure the diffusion effects in real time, and also it is interesting to explore the fabrication of diffractive optical elements (DOEs) using these materials [12] [13] [14] . In general to record a DOE on photopolymers, an amplitude modulated beam is projected onto the material producing changes in the thickness and in the refractive index. As a result a phase diffracted element is stored. The material response depends on many parameters. When all of them are accurately determined, the material behavior can be modeled [15] [16] [17] [18] [19] [20] , enabling us to easily find the optimum schedule to multiplex many holograms for holographic memories [21, 22] , or the intensity distribution to obtain the desired DOE with the required relief structure or refractive index distribution [14] . To manufacture DOEs we have used a hybrid optical-digital system with a liquid crystal spatial light modulator (LC-SLM) performing the function of the master [14] . In the manufacture of DOEs we need to characterize the phase modulation properties that the photopolymer provides as a function of the exposure. To do this, novel real-time measuring techniques have been proposed, incorporating an interferometric system in the recording setup [23] .
At very low spatial frequency recording, the thickness variations play an important role in DOE formation [13] . Some authors have exploited this property to generate these relief structures to confine liquid crystal molecules [24] or to fabricate relief DOEs. Nevertheless, in order to perform an accurate analysis it is important to uncouple the relief variations and refractive index changes during the recording process and the post-evolution when the material is kept in darkness. To analyze and to measure separately the thickness changes, it is possible to study the reflected beam for a wavelength at which the dye does not absorb.
On the other hand, once the DOE is stored in the material, the transmitted beam has the information of the thickness and the refractive index modulation mixed. One interesting possibility to measure the changes produced by the refractive index variation separately is the incorporation of an index matching element. Index matching techniques have been classically used for holographic recording materials [25] . In principle, to obtain an accurate index matching we have to choose a liquid with refractive index very close to the mean of the polymer one. Then, when shrinkage takes place during recording, mainly due to the polymerization, the liquid will fill up the generated grooves, minimizing the diffractive effects produced by the relief structure. Some authors have proposed the use of silica oil to index match a glass plate (microscope slide) and acrylamide photopolymers [13] . It is worthwhile to note that the presence of silica oil for index matching reduces the measured monomer diffusion more than a factor of 10. The recording process is presented in Fig. 1 . In this figure we show first the shrinkage in the illuminated zones mainly due to the polymerization; the material becomes more compact. Second, after illumination, the illuminated zones swell due to the "apparent" monomer diffusion. The huge difference between the diffusion times estimated with and without index matching indicates that the changes observed on the surface (surface or "apparent" diffusion) are different from the "real" or internal diffusion. Furthermore the incorporation of a coverplate and index matching systems improves the conservation and the lifetime of the recorded DOEs [26] . In addition, the reduction of the matter transfer produced by the presence of a sealant can be used to record sharp DOEs with insignificant smoothing of the refractive index profiles.
In this paper we have focused our attention on the analysis of an acrylamide, AA, based photopolymer with and without index matching. This type of photopolymer is one of the most widely studied in the literature [11] [12] [13] [14] [27] [28] [29] . We want to evaluate the viability of this type of photopolymer to record DOEs and the influence of the index matching liquid. To achieve the first goal, the fabrication of lenses, axicons, or blazed gratings, a phase depth of 2π is required. We calculate the minimum thickness to achieve the desired phase depth. In addition we study the material behavior for different spatial frequencies and calculate the "apparent" monomer diffusion for the noncovered photopolymer and the real monomer diffusion for index matched samples, which will be conveniently defined in Section 3.
Experimental Setup
As we have said in Section 1, one of the most classical photopolymers is composed of AA as a polymerizable monomer, triethanolamine (TEA) as a coinitiator and plasticizer, yellowish eosin (YE) as a dye, polyvinyl alcohol (PVA) as a binder, and a small proportion of water as an additional plasticizer. It may also contain N,N′-methylene-bis-acrylamide (BMA) as a crosslinking monomer. Different types of PVA can be used as a binder; they are classified according to their molecular weight and degree of hydrolysis, which are the factors that determine the viscosity of the prepared solutions and the polymers' capacity to retain water. The molecular weight range is between 20,000 and 200,000. PVA with a low average molecular weight has short chains and produces solutions of low viscosity and little capacity to retain water per unit of mass. The remaining water in the material has a direct influence both on the Fig. 1 . Diagram of the grating recording in the photopolymers with index matching. The "apparent" diffusion is due to the recovering surface changes, and the "real" diffusion is due to the internal monomer motion. material diffusion, as shown in Ref. [30] , and on the size of PVA molecules in the material resolution, as demonstrated by Zhu et al. [27] . In this work we have used a PVA 18-88 with Mw 180; 000 amu in order to obtain the highest limit for the species diffusion inside the layer. Besides, for low spatial frequency recording we do not need to achieve high resolution. The particular concentration used in this work is presented in Table 1 . To analyze the simplest chemical composition we avoid the presence of a crosslinker to study the material variations after recording with and without index matching and coverplate. To index match the photopolymer we used a glycerin with refractive index n 1.478. This value fits perfectly with our pre-exposed photopolymer with a refractive index of 1.477 measured with a refractometer and published in previous works such as Ref. [31] . In addition it is possible, as recommended in Ref. [32] , to use commercial baby oil; we found that it is mainly composed of glycerin, with refractive index of 1.484 that provides results similar to pure glycerin.
30 ml of solution with water as the solvent is deposited, using the force of gravity, on a glass substrate (25 cm × 20 cm), and left in the dark (RH 40%-45%, T 20-23°C). When part of the water has evaporated (after about 36 h), the layer has enough mechanical resistance and can be cut without deforming. The final "solid" film has a physical thickness around 90 5 μm. This final thickness can be modified, changing the quantity of the syrup deposited on the glass. More specifically, layers with a thickness between 30 and 250 μm using the same method of preparation have been successfully fabricated [33] .
To store DOEs onto photopolymers and also for measuring the velocity of monomer diffusion, the setup presented in Fig. 2 is considered. In order to record phase diffractive gratings we introduced a spatial light modulator (SLM) working in the amplitude-only mode to modulate the green beam (532 nm); the materials described in this work are sensitized to green light and transparent for red light (633 nm). The periodic pattern, sinusoidal-like, is introduced by a liquid crystal display (LCD), a Sony LCD model LCX012BL, extracted from a video projector, Sony VPL-V500. We use the electronics of the video projector to send the voltage to the pixels of the LCD. The LCD is used in the amplitude-mostly modulation regime by proper orientation of the external polarizers (P); then the pattern is imaged onto the material with an increased spatial frequency (a demagnifying factor of 2). The use of the LCD allows us to change the period of the grating recorded in the photopolymer without moving any mechanical part of the setup. Nevertheless the size of the pixel, 42 μm, of this LCD model together with the filtering of the pixelation of the LCD (by stop 2) limits the minimum value of the spatial period in the recording material to 168 μm (i.e., 8 LCD pixels to reproduce a period).
Results and Discussion
In this section we present the results obtained for some of the samples analyzed. Moreover, the behavior after illumination is studied, providing interesting information about the internal mechanism and the molecules' migration. In order to calculate the phase depth achieved in the recording of a thin phase sinusoidal diffraction grating, we can compare the diffraction efficiencies (DEs) of the main diffracted orders to the theoretical ones in the Fraunhofer domain given by the Bessel equations [32] . In Fig. 3 we present the behavior of the four main diffraction orders for a thin sinusoidal phase grating as a function of the phase depth. The comparison of our diffraction efficiency results with this figure provides us a value of phase depth achieved for each material, and we compare it to the value of 2π, required for many interesting diffractive applications, so we can estimate the necessary thickness to achieve this value for each particular chemical composition. We proved in previous works that for this range of spatial frequencies the behavior of AA photopolymers is almost linear [15] . Table 1 . Composition of the Liquid Solution for Photopolymer AA TEA (ml) PVA (ml) (8% w/v) AA (gr) YE (0.8% w/v) (ml) 
A. Effect of Index Matching
The diffraction efficiency at very low spatial frequency ranges depends on two aspects: the surface changes and the refractive index distribution inside the material. To avoid the influence of the relief structures formed, Close et al. proposed index matching using silica oil and coverplating the sample with microscope slides [13] . Therefore the diffracted intensities, in this case, depend only on the refractive index distribution produced by the polymerization. The diffraction efficiencies of the main diffracted orders as a function of time can be seen in Figs. 4(a) and 4(b), uncoverplated and coverplated, respectively; phase modulation for longer time exposures (>300 s) of the grating looks very similar in both cases. As mentioned in Fig. 4(a) , uncoverplated, the recorded phase gratings can be understood as the superposition of two phase gratings: a relief grating plus a refractive index grating. Since the final DEs are very similar after 300 s, it can be assumed that the effect of the relief grating is weak after this long time. This result makes sense if we take into account the fast values of the surface recovering velocities or the monomer diffusion through the surface measured by many authors [12, 34] : in general the values of the "apparent" diffusion coefficients Fig. 4(a) is that the maximum of the order 1 is achieved at 180 s, three times later than in Fig. 4(b) , 60 s. This happens because of the shrinkage produced in the illuminated zones: the shrinkage produces a decrease in the phase modulation quickly corrected at longer exposure times by the fast diffusion through the surface. Furthermore, comparing these figures with Fig. 2 , it can be deduced that the phase depth achieved is around 1.7π after 500 s of recording in both cases. This value is not enough to record useful diffractive elements such as lenses, axicons, or blazed gratings. The physical thickness of these layers was measured using a ultrasound display provided by Neurtek, and the value obtained was 85 3 μm; after that we have recorded a holographic grating to confirm this value fitting the angular response around Bragg's angle. There are many ways to increase the phase amplitude of the grating. Two of the most studied are including crosslinker monomers or increasing the thickness of the sample. The first one has been studied by many authors [28, 29] , and the results of the second one are presented in Fig. 5 , where orders 0 and 1 are depicted as a function of time for a grating 105 3 μm thick. From the analysis of Fig. 2 it can be identified that the phase modulation is higher than 2π.
B. Different Spatial Periods
In order to store more complex recording elements in the photopolymer, it is interesting to analyze the material response for different spatial frequencies. In previous work [37] it can be seen that for noncoverplated layers the photopolymer presents a different behavior when we change the recorded spatial period from 168 to 672 μm. This can be explained by the strong influence of the relief gratings formed due to the shrinkage produced in the illuminated areas. The time diffusion constant, τ D , is usually defined as follows [30] : 
where K g is the grating number and D is the diffusion coefficient. τ D shows the average time for a particle to travel one period. When the value of τ D is comparable to the recording time, this diffusion has an influence on the material behavior. The surface recovering times measured by many authors [12, 13, 15] indicate that the diffusion in the relief gratings becomes significant for the period of 168 μm in opposition to 672 μm. In the latter case, this influence is exhibited after recording but not during the polymerization process. Therefore, this behavior of the material across this spatial period is also expected, since neglecting the influence of the relief on DEs is avoided. Figures 6(a) and 6(b) present the results for 336 and 672 μm, respectively. It can be seen that the behavior is very similar for the three spatial frequencies analyzed. It seems clear that the monomer has very weak influence on the DOE fabrication. This means that the timescale of diffusion across a fringe is well separated from the timescale of polymerization, so that the material response is uniform, as desired, over the examined range of spatial frequencies. This evidence suggests that for manufacturing of more complex DOEs such as diffractive lenses, composed by many spatial frequencies, we can expect similar behavior for each particular frequency. Therefore, good agreement between the phase element stored and the intensity distribution projected on the material is obtained. This situation is ensured whenever short recording times are used, less than 80 s, since it avoids saturation of the material.
C. Post-Exposure Evolution
In the usual optical holographic regime (high spatial frequencies), the diffusion times are very short, less than 0.1 s, and it is very difficult to measure them. Therefore, for spatial frequencies around 1000 lines∕mm, species diffusion can only be determined indirectly. For very low spatial frequency recording we can measure more than eight diffracted orders and obtain reliable information about the phase profile recorded in the material and its evolution after recording due to diffusion. After measuring the diffracted efficiency of the main orders as a function of time we can use the Fermi-Dirac function to fit the shape of the recorded profile [35] . Nevertheless in this paper we assume that the phase modulation profile φx is close to the sinusoidal profile; thus we can calculate the phase modulation comparing the refractive index of both the zeroth and first orders to the values provided in Fig. 3 .
In this sense, to solve Fick's equation [see Eq. (2)] after a periodic illumination we proposed the following model. Due to exposure a species concentration distribution is generated inside the photopolymer (ϕ i . Exponential decay (increase) of the species concentration in the nonexposed (exposed) zones due to species diffusion begins when exposure stops to achieve the average value of the residual species concentration (ϕ i f ), corresponding to the point at which monomer diffusion eventually stops due to a uniform monomer distribution. Therefore, using this method we obtain the average apparent diffusion value, D, for all the molecules, ϕ avg . It is worthwhile to note that we call D "apparent" diffusion so as to differentiate the surface and internal changes. In the next equation we show Fick's equations:
We can thus describe the species concentration after exposure as
where the species modulation is Δϕ i x and τ is the characteristic time of monomer variation and can be calculated by fitting the phase depth of the grating variation with time [14] . When we introduce this expression in Eq. (2) we obtain
In a first approximation we can assume a sinusoidal distribution of the modulation of species concentrations and for the illumination (I),
where Λ is the grating period. This assumption only makes sense for short exposures, without saturation, and sinusoidal distribution of the recording intensity [15] . Therefore Eq. (4) can be rewritten as
This gives a first-order inhomogeneous differential equation with constant coefficients; therefore, the general solution is
It is worth noting the simplicity of Eq. (8)-only two parameters determine the value of D: Λ and τ. For short expositions we can assume that the polymer concentration is small and we can assume that D is spatially independent:
In our analysis of the evolution of the refractive index distribution in time, we noted that the phase depth, Δφ, becomes time independent after a time range of several minutes to a few days after exposure. The approximation of this value is exponential. Next we show how we can obtain the value for the parameter τ, needed in Eq. (9), from the fitting of the temporal variation for Δφ. If we use Eq. (3) we can obtain
where V m is the molar volume of the monomer. This value tends asymptotically (in practice in some minutes) to the value (12) If we apply the logarithm to both sides of the expression, we obtain lnΔφx; t → ∞ − Δφx; t lnΔφx; t → ∞ − t∕τ (13) It should be noted that we did not assume any specific profile for Δφx to derive Eq. (8) . The only assumption is that Δφ is proportional to Δϕ avg , which is reasonable for small polymer concentrations. We have presented the fast post-recording evolution of the DEs for layers without index matching and with index matching in Fig. 7 . It can be seen that the variation of the DEs for uncovered layers is very fast in comparison to that for the index matched ones. It should be remarked that very small variations in the thickness of the layer, less than 2 μm, produce significant changes in the diffracted energy. On the other hand, in the index matched case, variations due to swelling or shrinkage are avoided and only the migration of molecules inside the material affects the changes in the DEs. Therefore, in Fig. 7 , for cover layers, we can observe that after recording, the DE of the two main orders remains practically constant. In fact, we have to wait several minutes to measure the tendency in the post-recording evolution.
Following the method described in Eqs. (7)- (10), the value of the apparent monomer diffusion through the surface for uncovered samples can be fitted. In addition, using data provided in Fig. 7 It can be identified that the slope of the linear function is almost two magnitude orders higher for uncovered layers. Thus the value obtained for "apparent" diffusivity for uncovered layers is 1.6 · 10 −8 cm 2 ∕s, and the value for the monomer diffusion for index matched is 3.5 · 10 −10 cm 2 ∕s. This second value of monomer diffusion agrees with the expected magnitude of the secondary harmonics in the refractive index profile measured in registration of holographic sinusoidal gratings [36] . It is worthwhile to note that the error measured in the coverplated case is clearly higher than that obtained in the uncovered case, due to the very slow variation of the DE and the the calculation of Δφx; t → ∞. In our experiments we have found values for the monomer diffusion in the range from 4 · 10 −10 to 10 −10 cm 2 ∕s. Recording higher values of spatial frequencies, this error can be reduced due to the long distances traveled by the monomer; nevertheless the time extension required to obtain Δφx; t → ∞ is also increased. Finally, it is important to remark that the apparent diffusion is more or less constant for different spatial frequencies, as has recently been presented in [37] . Nevertheless we agree with the remarks postulated by Close et al. in [13] : "in general, as the spatial period increases, the predicted rates of apparent/surface diffusion also increase. This can be explained in terms of the effect of surface tension on the formation of the surface profile. For larger periods, the height variations are larger and take place more rapidly due to the lower energy restriction imposed by the lower surface curvatures in these profiles."
To be sure that the changes in the photopolymer relief are not originated by thermal effects, we develop a straightforward experiment. Using interferometric methods it is possible to measure in real time the shrinkage produced during polymerization [23] . In this case we use a uniform green beam, 532 nm, with an intensity of 0.5 mW∕cm 2 and with a circular section with a radius of 1 cm, as in the experiments carried out in Ref. [23] . After 32 and 52 s of uniform exposure, we present two different experiments; the green laser is turned off, and then if some thermal effects are important, due to the exothermal polymerization reaction, some water is evaporated and the material shrinks, and thus we would expect a recovery in thickness. Furthermore, if the photopolymer is cooling down, an exponential variation of the thickness should be measured. Figure 9 shows evidence that the shrinkage is practically constant immediately after the illumination for both experiments. Note that a very weak increase in shrinkage can be measured. Therefore we can assume that the thermal effects do not drastically affect the material thickness for very low spatial DOE recording.
Conclusions
The recording of low spatial frequency in photopolymers has been analyzed in this paper. In particular, a deep study has been carried out regarding the inclusion of a microscope slide as a coverplate with a transparent liquid to index match in PVA/AA-based materials. It has been shown that the fast changes measured in uncovered materials, D ∼ 10 −8 cm 2 ∕s, are due to the changes produced in the surface. Moreover, the values measured in coverplated samples, D ∼ 10 −10 cm 2 ∕s, are close to the "classic" ones proposed for photopolymers, and that indicates the very weak influence of monomer diffusion in the DOE fabrication, as has been shown by the similar behavior for three different spatial periods. In any case, for covered layers and to minimize the error in the diffusion constant fittings, the experiments designed have included the recording of higher spatial frequencies or large post-exposure times. Finally we have reported experimental evidence to demonstrate that the thermal effects do not seem to be affected during recording. Further experiments and hypotheses can be proposed to explain the changes in the material relief. The results presented show that in the case of PVA materials a phase depth of 2π can be achieved with samples with thickness of 105 μm even without the inclusion of crosslinked monomers in the chemical composition.
